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Abstract  -  We  report  here  the  angular  and  polarization 
dependent  transmission  characteristics  of  surface-normal  optical 
filters  based  on  Fano  resonances  on  patterned  single  crystalline 
silicon  nanomembranes  (SiNM),  which  were  fabricated  and 
transferred  onto  transparent  PET  plastic  substrates  using  a 
disruptive  SiNM  wet  transfer  process.  The  measured  surface- 
normal  and  angle-dependent  filter  transmission  results  agree  well 
with  the  design  and  simulation  based  on  3D  finite-difference  time- 
domain  technique. 


I.  INTRODUCTION 

Ultra-compact  and  sensitive  filters  have  a  wide  range  of 
potential  applications  like  optical  fiber  communication,  optical 
sensor,  and  millimeter-wave  communication  systems. 
Traditional  filters  based  on  thin-film  technology,  especially  for 
wavelength  division  multiplexing  (WDM)  applications,  often 
require  hundreds  or  more  individual  layers,  with  stringent 
thickness  tolerances  for  each  layer.  Photonic  crystal  slabs 
(PCS),  with  in-plane  periodic  modulation  of  dielectric  constant 
introduced  in  a  high-index  guiding  layer,  offer  one  of  the  most 
promising  nano  platforms  for  large-scale  on-chip  photonic 
integration.  The  out-of-the-plane  optical  mode  coupling  is 
feasible  with  the  Fano  or  guided  resonance  effect  [1],  where 
these  in-plane  guided  resonances  above  the  lightline  are  also 
strongly  coupled  to  out-of-the-plane  radiation  modes  due  to 
phase  matching  provided  by  the  periodic  lattice  structure. 
Therefore,  the  guided  resonances  can  provide  an  efficient  way 
to  channel  light  from  within  the  slab  to  the  external 
environment,  and  vise  versa  [2].  In  recent  years,  filters  based 
on  Fano  resonance  [1,2]  have  attracted  great  attention. 
However,  works  report  to  date  are  mainly  based  on 
freestanding  membranes,  which  have  some  limitations  in 
mechanical  robustness  and  thermal  management  challenges. 

Crystalline  semiconductor  nanomembranes  (NMs),  which 
are  transferable,  stackable,  bondable  and  manufacturable,  offer 
unprecedented  opportunities  for  unique  and  novel  electronic 
and  photonic  devices  for  vertically  stacked  high  density 
photonic/electronic  integration.  High  quality  single  crystalline 
silicon  NMs  (SiNM)  have  been  transferred  onto  various 
foreign  substrates,  such  as  glass,  plastics,  etc.,  based  on  a 
unique  wet  transfer  process,  developed  by  various  groups  [3, 


4].  Very  high  performance  electronics  based  on  transferable 
Si/SiGe  NMs  were  also  reported  recently  [4]. 

In  this  paper,  we  employ  a  slightly  modified  transfer  process 
and  first  demonstrate  a  new  ultra-compact  Fano  filters,  based 
on  transferred  single  crystalline  SiNMs  on  glass  substrates,  and 
on  flexible  PET  substrates. 

In  what  follows,  we  describe  the  designed  parameters  and 
schematic  of  proposed  Fano  filter.  The  experimental  results  are 
then  provided  and  analyzed  in  section  III,  and  the  conclusions 
are  concluded  in  the  end. 

II.  FILTER  PARAMETER  DESIGN 

Aforementioned  filter  based  on  2D  PCS  is  not  necessary  to 
require  photonic  bandgap.  We  thus  apply  three-dimensional 
finite-difference  time  domain  (3D  FDTD)  technique  with 
periodic  boundary  condition  (PBC)  and  perfectly  matched  layer 
(PML)  in  the  four  lateral  and  vertical  directions,  respectively. 
For  the  target  Fano  filter  wavelength  of  1550  nm  and  fabricated 
with  the  target  for  the  270-nm  thick  SiNM  on  an  ITO-coated 


Fig.  1  (a)  Schematic  of  the  silicon  nanomembranes  (SiNMs)  transferred  onto 
an  ITO-coated  PET  plastic  substrate,  with  the  incident  beam  direction 
described  with  colatitude  angle  0  and  azimuth  (]).  The  PC  lattice  and  the 
corresponding  directions  in  K-space  (r,  M,  and  K)  are  also  shown  in  the  inset; 
(b)  Measured  diffraction  patterns  through  the  SiNM  on  PET  sample  with  either 
a  cw  green  laser  source  or  a  broadband  QTH  lamp  source.  The  micrograph  of 
the  transferred  SiNM  on  PET  is  shown  in  the  inset  (center  golden  colored 
piece),  (c)  and  (d)  The  scanning  electron  micrographs  of  patterned  SiNMs. 
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flexible  PET  plastic  substrate,  as  shown  schematically  in  Fig. 
1(a),  where  the  light  incident  angle  are  specified  by  two  polar 
angles,  the  colatitude  angle  0  (angle  from  the  surface  normal 
direction)  and  the  azimuth  angle  (|),  we  finally  chose  those 
following  designed  parameters  for  fabrication,  lattice  constant 
of  photonic  crystal,  a  is  0.6  pm,  relative  hole  size,  r/a  is  0.19, 
silicon  thickness,  t  /a  is  0.43,  where  the  indices  of  silicon  and 
PET  substrate  in  the  simulation  are  assumed  as  3.48  and  1.5, 
respectively.  A  micrograph  of  the  transferred  patterned  SiNM 
on  PET  is  shown  in  the  inset  of  Fig.  1(b).  The  scanning 
electron  micrographs  (SEMs)  of  the  PC  are  shown  in  Figs.  1(c) 
and  1(d).  The  high-quality  large  area  uniform  pattern  was 
verified  also  with  the  diffraction  pattern  measurement,  as 
shown  in  Fig.  1(b),  where  well-defined  diffraction  patterns 
were  measured  with  either  a  cw  green  laser  source  (left),  or  a 
focused  broadband  QTH  (Quartz-Tungsten-Halogen)  lamp 
source. 

III.  EXPERIMENTAL  RESULTS  AND  ANALYSIS 


A  Surface  Normal  incidence 

We  first  consider  a  surface  normal  incidence  scenario  by 
using  an  unpolarized  broadband  QTH  lamp  source  focused 
onto  a  small  beam  size  with  an  objective  lens,  where  the 
schematic  measurement  setup  is  shown  in  Fig.  2.  Shown  in 
Fig.  3  are  our  simulated  and  measured  Fano  filter  transmission 
characteristics.  The  experimental  results  agree  well  with  the 
design  ones,  with  the  target  wavelength  of  1.56  pm.  Another 
less  profound  dip  can  be  found  around  1.42  pm.  Note  that 
further  optimization  in  both  design  and  fabrication  can  lead  to 
very  high  Q  filters  and  symmetric  spectral  responses. 
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Fig.  2  Schematic  of  measurement  setup  where  white  source  here  is  QTH  lamp 
source 
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Fig.  3  Measured  and  simulated  surface-normal  transmission  (0=0°) 
characteristics  for  a  patterned  SiNM  on  ITO-coated  PET  substrate. 


B  Angle  incidence  with  polarization  control 

The  angle-  and  polarization-dependent  properties  are  then 
investigated  in  more  details  by  controlling  the  incident  beam 
direction  and  polarization  [5].  Shown  in  Fig.4  are  two  sets  of 
measured  transmission  spectra  for  different  incident  angles  0. 
The  colatitude  angle  0  and  the  azimuth  angle  (|)  are  defined  in 
Fig.  1(a).  The  incident  beam  polarization  (E- vector)  *¥  is 
defined  as  the  angle  between  the  polarization  direction  and  PC 
lattice  rx  direction  (Fig.  1(a)).  For  the  incident  beam  varying 
the  incident  angle  0  with  cf>=0°  and  x¥=0°,  it  is  very  interesting 
that  the  dominant  mode  spectral  location  around  1556  nm 
remains  almost  unchanged  over  the  range  of  angles  we 
measured  (from  0  to  20°).  At  the  same  time,  the  other  mode  (or 
set  of  modes)  at  shorter  wavelengths,  shift  towards  longer 
wavelengths,  with  the  increase  of  incident  angle.  The  complete 
measured  transmission  spectra  maps  are  plotted  again  in  Fig. 
5(a),  where  the  vertical  blue  line  corresponds  to  the  1556nm 
dip  in  the  transmission  plot  shown  in  Fig.  4(a). 

The  corresponding  simulation  results  are  shown  in  Fig.  5(c), 
where  the  measured  transmission  peaks/dips  are  plotted  in  the 
dispersion  chart  for  the  corresponding  incident  angles.  Very 
good  agreement  is  obtained. 
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Fig.  4.  Measured  angle-dependent  transmissions  with  different  incident  angles 
0  for  (a)  4>=0°  and  T=0°,  and  (b)  <|>=450  and  T=45°. 
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case,  when  the  incident  beam  varies  along  TM  direction,  both 
the  modes  shift  and  eventually  merge.  This  also  agrees  well 
with  the  simulated  dispersion  plot,  as  shown  in  Fig.  5(d). 

By  comparing  the  spectra  of  Fig.  4  (a)  and  (b),  it  is  very  clear 
that  our  proposed  Fano  filter  is  also  insensitive  to  either 
polarization  or  sample  layout  direction  under  surface  normal 
incidence,  0=0.,  which  is  consistent  with  previous  report  work 
with  freestanding  structure. 


II.  CONCLUSIONS 

In  conclusion,  we  presented  a  new  Fano  filter  based  on 
transferred  SiNM  on  PET  substrate,  which  can  demonstrate  the 
phenomena  of  insensitive  polarization  and  angle  independence 
with  suitable  conditions,  in  consistent  with  theoretical  work 
well.  Further  design  and  process  optimization  can  lead  to 
higher  Q  filters,  suitable  for  ultra-compact  surface-normal 
filters,  switches,  and  modulators,  for  high-density  vertical 
integration  of  photonic  systems  and  flexible  infrared  photonics. 
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Fig.  5.  Measured  angle-dependent  transmissions  with  different  incident  angles 
0  for  (a,  c)  (J)=00  and  ¥=0°,  and  (b,d)  (|)=450  and  ¥=45°.  In  (c,  d),  measured 
transmission  peaks/dips  (circles)  agree  well  with  the  simulated  dispersion 
curves  for  different  incident  angles. 

Similar  measurements  were  carried  out  with  (f)=450  and 
^=45°,  as  shown  in  Fig.  4(b)  and  Figs.  5(b)  and  (d).  In  this 


